The algebraic structures in term of polynomial generators of all constacyclic codes of length 2p 
Introduction
The class of constacyclic codes plays a very significant role in the theory of error-correcting codes. Constacyclic codes can be efficiently encoded using shift registers, which explains their preferred role in engineering. Given a nonzero element λ of the finite field F , λ-constacyclic codes of length n are classified as the ideals f (x) of the quotient ring
x n −λ , where f (x) is a divisor of x n − λ. However, a concatenated construction, and are asymptotically bad. Nevertheless, such codes are optimal in a few cases, that motivates researchers to further study this class of codes. To distinguish the two cases, codes where the code length is relatively prime to the characteristic p of field F are called simple-root codes.
Over the last few years, we have been studying certain classes of repeated-root constacyclic codes over finite fields and finite rings. The structure of binary cyclic codes of length 2 s over F 2 m can be considered as a special case of negacyclic codes of length 2 s over the Galois ring GR(2 a , m) (for a = 1)
that we obtained in 2007 [7, 8] . The Hamming distances of such codes were completely obtained in [9, 10] . For odd prime p, we recently studied cyclic and negacyclic codes of length p s over F p m (cf. [9] ), and extended it to all constacyclic codes of length p s (cf. [11, Section 3] ). This paper follows that line of research to address repeated-root constacyclic codes of length 2p s . There has been some studies on simple-root cyclic codes of length 2p s , where the generator polynomials and Hamming distances of minimal simple-root cyclic codes were discussed (see [1] [2] [3] 17, 18] ). The readers interested in simple-root minimal cyclic codes of length 2p s are referred to [1] [2] [3] 17, 18] and the reference cited therein. Hereafter, p is an odd prime. The purpose of this paper is to give the algebraic structure in term of polynomial generators of all repeated-root constacyclic codes of length 2p s over F p m . We first obtain such structures of negacyclic and cyclic codes in Sections 3 and 4. These structures also provide that of the duals of such codes. In particular, we list all p s + 1 negacyclic self-dual codes of length 2p s when p ≡ 1 (mod 4) (any m), or p ≡ 3 (mod 4) and m is even; and furthermore show that selfdual negacyclic codes for p ≡ 3 (mod 4) , m is odd, and self-dual cyclic code of length 2p s for any odd prime p, do not exist. In Section 5, we build one-to-one correspondences via ring isomorphisms between negacyclic and cyclic codes and constacyclic codes in general. These correspondences carry the structures of negacyclic and cyclic codes to all constacyclic codes (Table 1) . We give as examples the structures of all constacyclic codes of length 18 over F 27 (Tables 2, 3) , and all constacyclic codes of length 250 over F 25 (Tables 4, 5 ).
Constacyclic codes and their duals
Let F be a finite field. Given an n-tuple (x 0 , x 1 , . . . , x n−1 ) ∈ F n , the cyclic shift τ and negashift ν on F n are defined as usual, i.e.,
and a code C is said to be λ-constacyclic if τ λ (C) = C , i.e., if C is closed under the λ-constacyclic shift τ λ . In light of this definition, when λ = 1, λ-constacyclic codes are cyclic codes, and when λ = −1, λ-constacyclic codes are negacyclic codes. x n −λ , xc(x) corresponds to a λ-constacyclic shift of c (x) . From that, the following fact is well known and straightforward (cf. [13, 14] ).
Proposition 2.1. A linear code C of length n is λ-constacyclic over F if and only if C is an ideal of F [x]
x n −λ . Moreover,
x n −λ is a principal ideal ring, whose ideals are generated by monic factors of x n − λ.
The dual of a cyclic code is a cyclic code, and the dual of a negacyclic code is a negacyclic code.
In general, we have the following well-known implication of the dual of a λ-constacyclic code. 
Proof. Let τ λ −1 denote the λ −1 -constacyclic shift for codewords of length n, i.e., for each (x 0 , x 1 , . . . , Given a ring R, for a nonempty subset S of R, the annihilator of S, denoted by ann(S), is the set
If, in addition, S is an ideal of R, then ann(S) is also an ideal of R.
Customarily, for a polynomial f of degree k, its reciprocal polynomial x k f (x −1 ) will be denoted by f * . Thus, for example, if
Note that ( f * ) * = f if and only if the constant term of f is nonzero, if and only
It is easy to see that if A is an ideal, then A * is also an ideal. Hereafter, we will use ann
Proof. Here λ = λ −1 . In light of Propositions 2.2, C ⊥ is a λ-constacyclic codes of length n over F , and hence, by Proposition 2.1, both C and C ⊥ are ideals of the ring
x n −λ . The assertion now follows from Proposition 2.3. 2
Negacyclic codes of length 2p
s over F F F p m
As discussed in Section 2, negacyclic codes of length 2p
s over F p m are ideals of the ring
It is well known that R 1 is a principal ideal ring, whose ideals are generated by factors of x 2p s + 1 (cf. [13, 14] ). So we first obtain the factorization of x
Let ξ be a primitive (p m − 1)th root of identity so that 
Proof. The list of negacyclic codes follows from the factorization of x 2p s + 1 into product of irreducible factors in Proposition 3.1. For the duals, we see that ann(
and for p ≡ 3 (mod 4), m odd 
It is also easy to see that (x + 1) * = x + 1, and (x − 1) * = −(x − 1). Therefore, a similar argument as in Section 3 gives the list of all such cyclic codes, their sizes, and duals. 
A direct implication is that self-dual cyclic codes of length 2p s do not exist. In order for a cyclic
Corollary 4.2. For any odd prime p, there is no self-dual cyclic code of length 2p
s over F p m . 
All constacyclic codes of length 2p
Then Φ and Ψ are ring isomorphisms. 
Proof. For polynomials
, where
( 
proving (i). Now assume p ≡ 1 (mod 4) (any m), or p ≡ 3 (mod 4) and m is even. By the division algorithm, there exist nonnegative integers q, r such that s = qm + r and 0 r m − 1.
and m is even, there is γ ∈ F p m such that γ 2 = −1. Thus, by our construction above,
which is a contradiction. Consequently, x 2 + λ 0 must be irreducible in F p m . 2 
where 0 i p Table 2 λ-Constacyclic codes of length 18 over F 27 for λ ∈ A even , i.e., λ = θ
Since λ-constacyclic codes of length 2p s over F p m are ideals of ( The quotient q and remainder r when s = 2 is divided by m = 3 are q = 0 and r = 2 (2 = 0 · 3 + 2). So when λ ∈ A even , i.e., λ = θ 2 , the values of θ , λ 0 = θ −p m−r = θ −3 , and the structures of λ-constacyclic codes are given in Table 2 . In the case λ ∈ A odd , note that −1 = ξ 13 ∈ A odd . Hence, λ can be expressed Table 3 λ-Constacyclic codes of length 18 over F 27 for λ ∈ A odd , i.e., λ = −δ Table 4 λ-Constacyclic codes of length 250 over F 25 for λ ∈ A even , i.e., λ = θ The quotient q and remainder r when s = 3 is divided by m = 2 are q = 1 and r = 1 (as 3 = 1 · 2 + 1). When λ ∈ A even , i.e., λ = θ 2 , the values of θ , λ 0 = θ −p m−r = θ −5 , and the structures of λ-constacyclic codes are given in Table 5 .
